Although interleukin 2 (IL-2) and IL-15 signal through the common gamma chain (␥c) and through IL-2 receptor ␤-chain (CD122) subunits, they direct distinct physiologic and immunotherapeutic responses in T cells. The present study provides some insight into why IL-2 and IL-15 differentially regulate T-cell function by revealing that these cytokines are strikingly distinct in their ability to control protein synthesis and T-cell mass. IL-2 and IL-15 are shown to be equivalent mitogens for antigen-stimulated CD8 ؉ T cells but not for equivalent growth factors. Antigen-primed T cells cannot autonomously maintain amino acid incorporation or de novo protein synthesis without exogenous cytokine stimulation. Both IL-2 and IL-15 induce amino acid uptake and protein synthesis in antigenactivated T cells; however, the IL-2 response is strikingly more potent than the IL-15 response. The differential action of IL-2 and IL-15 on amino acid uptake and protein synthesis is explained by temporal differences in signaling induced by these 2 cytokines. Hence, the present results show that cytokines that are equivalent mitogens can have different potency in terms of regulating protein synthesis and cell growth. 
Introduction
Interleukin 2 (IL-2) and IL-15 are critical but functionally distinct regulators of peripheral T-lymphocyte proliferation and differentiation. IL-2 and IL-15 interact with T cells through cytokine receptor complexes consisting of the common gamma chain (␥c), a common ␤-chain subunit (CD122), and a unique ␣-chain subunit that confers high-affinity cytokine binding. 1, 2 CD25 is the IL-2 receptor ␣ (IL-2R␣) chain, and IL-15 binds with high affinity to the unique IL-15R␣ subunit. 3, 4 IL-2 was the first cytokine shown to drive mitosis in activated T cells, 5 but its mitogenic role can be supplanted by other ␥c cytokines in vivo. 6 Nevertheless, IL-2 has essential nonredundant functions in vivo, including the efficient production of effector cytotoxic T cells, the control of regulatory T-cell survival, 7 the maintenance of tolerance, and the continuance of T-cell expansion. [8] [9] [10] [11] [12] [13] IL-15 also has unique functions in vivo, where it has been shown to be crucial for NK-cell development and vital for the generation and maintenance of CD8 ϩ memory T cells. 1, [14] [15] [16] The different physiologic functions of IL-2 and IL-15 are reflected by their differential actions as immunotherapeutic agents. [17] [18] [19] [20] In particular, compared with IL-2, IL-15 has been shown to act as a superior stimulus for the generation of memory and effector T cells after vaccination or adoptive transfer of tumor-specific T cells. 21 Hence, interest in using exogenous IL-15 rather than IL-2 for immunotherapy has increased.
The different physiologic and immunotherapeutic functions of IL-2 and IL-15 are not easy to explain in molecular terms. In fibroblasts and dendritic cells, there is evidence that IL-15R␣ subunits may signal to cell survival factors through pathways not used by IL-2. 22, 23 However, the immediate biochemical consequences of triggering T cells with IL-2 and IL-15 result in a common, indistinguishable biochemical response, a reflection of signaling through the common ␥c/CD122 complex. 24, 25 For example, IL-2 and IL-15 both activate the Janus kinases Jak-1 and Jak-3 and the transcription factor STAT5. Moreover, cDNA microarray analysis has revealed that immediate T-cell responses to IL-2 and IL-15 induce similar gene expression profiles. 24 The commonality of immediate biochemical and transcriptional responses to IL-2 and IL-15 in T cells should mean that these cytokines dictate a common biologic outcome. However, the fact they do not means there are differences in the signaling pathways triggered by IL-2 and IL-15, explaining their unique functions. In this context, one study has documented differential sensitivity of IL-2-and IL-15-induced T-cell proliferation to the immunosuppressive agent rapamycin. 26 This drug works by regulating the activity of the mammalian target of rapamycin (mTOR), a key regulator of mRNA translation and protein synthesis. 27 Historically, IL-2 was called T-cell growth factor because of its ability to simultaneously induce cell-cycle progression and increased cell size. 28 However, activated CD8 ϩ T cells maintained in the presence of IL-15 are described as small compared with IL-2-maintained cells. [29] [30] [31] This supports the idea that IL-2 and IL-15 may differ in their ability to regulate T-cell growth. In this context, analyses of IL-2 and IL-15 signal transduction have focused on their immediate biochemical and transcriptional programs, 24, 25, 32 not on their effects on cell metabolism and cell growth. The question of how T-cell cytokines regulate T-cell growth is important because even if different cytokines can induce a common genetic program, differences in how they modify protein synthesis, cellular energy, and metabolism influence how this genetic program is executed. Indeed, the terms mitogen and growth factor are frequently used interchangeably to describe ␥c cytokines, even though they are not synonymous. A growth factor is a molecule that regulates cell metabolism, protein synthesis, and cell mass, whereas a mitogen controls cell division and proliferation. These are not the same processes, nor are growth and cell division necessarily directly coordinated in eukaryotic cells. [33] [34] [35] Thus a potent mitogen may not be a potent growth factor. Accordingly, in the present study, the actions of IL-2 and IL-15 on protein synthesis and cell growth of antigen-activated T cells were compared. The results indicate that IL-2 and IL-15 are strikingly different growth factors for antigen-activated T cells, reflecting differences in the ability of these 2 cytokines to regulate cellular amino acid uptake and protein synthesis. The differential regulation of protein synthesis and T-cell mass by IL-2 and IL-15 offers insights that could be key to understanding the unique nonredundant actions of these cytokines. 
Materials and methods

Mice
Cell culture
Spleens and lymph nodes were removed from 2-to 6-month-old P14 LCMV TCR transgenic mice, mashed in cell strainers, and suspended in RPMI with 10% FCS and 1 M gp33-41 LCMV TCR-specific peptide for 2 days. The LCMV gp33-41 peptide KAVYNFATM was synthesized and purified in the Cancer Research UK Protein Production Laboratory. Thereafter, cells were washed out of peptide and cultured in recombinant human (rh) IL-2 (Proleukin; Chiron B.V., Leiden, The Netherlands) or rhIL-15 (Peprotech, Rocky Hill, NJ) or left in RPMI 1640/10% FCS (heat-inactivated)/50 M ␤ME as a control. Unless otherwise indicated, cytokine concentrations were 20 ng/mL, and cells were cultured at a density of 0.25 to 1 ϫ 10 6 /mL. To inhibit PI3K, the inhibitor LY294002 (Promega, Madison, WI) 37, 38 was added to cell cultures at a final concentration of 10 M.
Flow cytometric analysis
Rat antimouse antibodies (PharMingen, San Diego, CA) were conjugated to fluorescein isothiocyanate (FITC), phycoerythrin (PE), or allophycocyanin (APC). TriColor (tricol) was obtained from Caltag (Burlingame, CA). Anti-mouse IL-15R␣ antibody was obtained from R&D Systems (Minneapolis MN), phospho-S6 ribosomal protein (Ser235/236) antibody was obtained from Cell Signaling Technology (Beverly, MA), and secondary anti-goat and anti-rabbit FITC-conjugated antibodies were from Jackson ImmunoResearch Labs (West Grove, PA).
Samples were stained for surface expression of the following markers with antibody clonal typing in parentheses: CD25 (IL-2R␣ chain, p55, 7D4, 3C7), CD62L (L-selectin, LECAM-1, Ly-22, MEL-14), common ␥ chain (␥c) (4G3), IL-15R␣ (R&D Systems), CD71 (transferrin receptor, C2F2), and CD98 (42F, H202-141). For identification of naive P14 TCR transgenic CD8 ϩ T cells in spleen and lymph node and P14 TCR transgenic mouse blood typing, the following markers were used: Thy1.2 (CD90.2, 53-2.1), CD8a (Ly-2, 53-6.7, tricol 5H10), CD4 (L3T4, tricol RM4-5, GK1.5), V␣2 (TRC, B20.1), and V␤8 (TCR, F23.1). In most cases, cells were blocked for 30 minutes at 4°C with mouse Fc block (CD16/32, Fc ␥ III/II receptor, 2.4G2). Cells were then stained with saturating concentrations of antibody at 4°C for 20 to 60 minutes at 1 ϫ 10 6 cells per sample and were washed before analysis on a FACSCalibur (Becton Dickinson, San Jose, CA). Events were collected and stored ungated, and data were analyzed with CellQuest (Becton Dickinson) software. Live cells were gated according to their forward light scatter (FSC) and side light scatter (SSC) profiles.
Phospho-S6 ribosomal protein intracellular staining
T cells were washed and fixed in 0.5% PFA for 15 minutes at 37°C, washed twice in PBS, and permeabilized for 15 minutes in 90% methanol at Ϫ20°C. Cells were washed twice in PBS and blocked for 10 minutes at room temperature (RT) in BSA buffer (0.5% bovine serum albumin in PBS). Cells were incubated with 1:100 dilution of primary anti-phospho-S6 (Cell Signaling Technologies) in BSA buffer for 30 minutes at RT. Cells were washed once with BSA buffer and were incubated with 1 g FITC-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch) for 30 minutes at RT in the dark. Samples were washed in BSA buffer and analyzed on a FACSCalibur. Pharmacologic stimulation for 30 minutes with 2 g/mL of the phorbol ester, phorbol 12.13 dibutyrate (PdBu), was used to stimulate all available S6 protein in the cell and served as a positive control.
Proliferation assays
Antigen-activated P14 LCMV CD8 ϩ T cells were resuspended in RPMI 1640/10% FCS/50 M ␤ME and were seeded in triplicate at 5 ϫ 10 4 to 1 ϫ 10 5 cells/well in 96-well, flat-bottom microtiter plates. Cells were cultured with medium alone or with different concentrations of cytokines IL-2, IL-15, or medium alone. Cells were then cultured at 37°C in a 5% CO 2 -humidified incubator for the indicated time. Before harvesting, 1 Ci (0.037 MBq) tritiated [ 3 H]-thymidine (Amersham Biosciences, Amersham, United Kingdom) was added to each well, and cells were incubated for another 2 hours. Cells were harvested using vacuum aspiration onto glass matrix filters. Incorporated radioactivity was quantified with a ␤-microplate scintillation counter.
Amino acid uptake into cells
The rate of amino acid uptake into antigen-stimulated P14 LCMV CD8 ϩ T cells in response to different concentrations of IL-2, IL-15, or medium alone was assayed by resuspending antigen-activated CD8 ϩ T cells in RPMI 1640/10% FCS/50 M ␤ME and seeding in triplicate at 5 ϫ 10 4 to 1 ϫ 10 5 cells/well in 96-well, flat-bottom microtiter plates. Cells were then cultured at 37°C in a 5% CO 2 humidified incubator for the indicated time. Tritiated [ 3 H]-amino acid mix (Amersham Biosciences), 2 Ci/well (0.074 MBq), was added to the plates for 6 hours before harvesting by vacuum aspiration on glass matrix filters. Incorporated radioactivity was quantified using a ␤-microplate scintillation counter.
Amino acid incorporation into cellular protein
To determine amino acid incorporation into cellular protein, antigenstimulated P14 LCMV CD8 ϩ T cells were cultured in 20 ng/mL of IL-2, IL-15, or medium alone at 10 6 cells per milliliter for indicated time points. Cells were pulsed for 12 hours before harvest with 5 Ci (0.185 MBq)/mL tritiated [ 3 H]-amino acid mix (Amersham Biosciences). Cell pellets were harvested in triplicate and lysed in 1 mL buffer (final 10-mL solution: 50 mM HEPES at pH 7.4, 150 mM NaCl, 10 mM NaF, 10 mM iodoacetamide [IAA], 1 mM phenylmethyl sulfonyl fluoride [PMSF], 1 mM sodium orthovanadate, 1 protease inhibitor cocktail tablet, 0.02 mg/mL EDTA-free pancreas extract, 0.02 mg/mL chymotrypsin, 0.02 mg/mL thermolysin, 0.02 mg/mL trypsin, and 0.33 mg/mL papain) (Roche, Basel, Switzerland) for 20 minutes at 4°C. The resultant extract was centrifuged at 15 000g for 15 minutes at 4°C, protein was precipitated in an equal volume of 70% acetone, and incorporated radioactivity was quantified on a ␤-scintillation counter.
Protein content
Cell pellets containing 10 6 cells was lysed at 4°C in 1 mL buffer (final 10-mL solution: 50 mM HEPES at pH 7.4, 150 mM NaCl, 10 mM NaF, 10 mM IAA, 1 mM PMSF, 1 mM sodium orthovanadate, 1 protease inhibitor cocktail tablet, 0.02 mg/mL EDTA-free pancreas extract, 0.02 mg/mL chymotrypsin, 0.02 mg/mL thermolysin, 0.02 mg/mL trypsin, and 0.33 mg/mL papain) (Roche). Protein content was quantified with the 
Results
IL-2 and IL-15 are potent T-cell mitogens but differentially affect T-cell growth-related size and morphology
Experiments to compare the ability of IL-2 and IL-15 to regulate growth or cell mass used antigen-activated CD8 ϩ T cells from the P14 TCR transgenic mouse model in which peripheral CD8 ϩ T cells express a V␣2/V␤8.1 TCR specific for the lymphocytic choriomeningitis virus glycoprotein (LCMV-GP) peptide gp33-41, presented by the major histocompatibility complex (MHC) class I molecule H-2D b . 36 The rationale for this choice of model is that IL-2 and IL-15 are equivalent mitogens for antigen-primed P14 CD8 ϩ T cells in vitro but regulate their differentiation by different methods. Antigen-primed P14 CD8 ϩ T cells cultured in the presence of IL-2 differentiate into large cytotoxic effector T cells, whereas T cells maintained with IL-15 develop into small cells with a phenotype reminiscent of CD8 ϩ memory T cells. 29, 30 Splenocytes were isolated from P14 LCMV mice and were cultured with gp33-41 (1 M) peptide for 2 days to generate activated CD8 ϩ T lymphoblasts. Figure 1A shows IL-2 and IL-15 induced equivalent DNA synthesis in antigen-primed CD8 ϩ T cells and could sustain exponential division of these cells over 5 to 6 days ( Figure 1B ). During the early phase of this response, the cell-doubling time of T cells maintained in IL-2 or IL-15 was equivalent and resulted in a 200-to 500-fold increase in cell numbers. Thereafter, at days 6 to 8, responses to the 2 cytokines diverged: T cells maintained in IL-2 stopped proliferating and declined in number. This decline in cell numbers resulted from increased apoptosis. 39 In contrast, T cells maintained for a similar time in IL-15 slowed in their division rate but survived for prolonged periods ( Figure 1B) .
During the exponential phase of cell proliferation, cells cultured in IL-2 or IL-15 were of a visually distinct size and morphology ( Figure 2 ). Antigen-primed T cells proliferating in response to IL-2 are large granular blasts, whereas T cells proliferating in IL-15 are smaller and less granular. These differences are easily visible by light microscopy ( Figure 2A ) and by flow cytometric analysis of FSC and SSC profiles of IL-2-and IL-15-cultured T cells ( Figure  2B ). Flow cytometric analysis of FSC and SSC profiles estimates cell size and granularity but cannot distinguish whether cell volume has changed because of osmotic swelling or whether cell protein content has changed. The data in Figure 2C show the protein content of T cells maintained in IL-2 or IL-15. T cells cultured with IL-2 had substantially higher protein content than cells cultured in IL-15.
IL-2 and IL-15 differentially control cell size of antigen-activated CD8 ؉ T cells
Antigen activation of naive T cells caused the cells to increase in size. The dramatic size difference between antigen-activated and primary naive T cells was readily demonstrated by flow cytometric analysis of FSC and SSC profiles, shown by the comparison of ex vivo CD8 ϩ naive P14 TCR transgenic T cells and T cells stimulated for 2 days by the LCMV gp33-41 peptide-complexed antigenpresenting cells ( Figure 3A-B) . The size difference between quiescent CD8 ϩ T cells and activated T-cell blasts was further defined by the 2-to 4-fold increase in cellular protein levels after resting CD8 ϩ T cells were activated ( Figure 3C ).
The size and morphology of antigen-activated T lymphoblasts were comparable to those of effector T cells cultured in IL-2, whereas T cells cultured long term with IL-15 were markedly smaller ( Figure 2) . Hence, IL-2 could maintain the size of antigen-activated T cells, but IL-15 could not. The data in Figure  3D show the kinetics with which antigen-primed T cells cultured in IL-15 grew smaller over 24 to 72 hours. The first point to note is that antigen-activated T lymphoblasts cultured in medium alone, in the absence of exogenous antigen or cytokine stimuli, rapidly became smaller as judged by reductions in their flow cytometric FSC and SSC profiles ( Figure 3D ). These changes were seen within 24 to 48 hours of antigen depravation; at later time points, the cells died. When antigen-activated T cells were cultured with IL-2, their size was maintained ( Figure 3D ). In contrast, antigen-activated T cells cultured in IL-15 lost size and protein content. This was not an immediate response, as occurred with complete withdrawal of cytokine; rather, it occurred over 48 to 72 hours ( Figure 3B ). The first indication that IL-15 could not maintain the morphology of antigen-activated T cells was the similar protein content seen by comparison of the side scatter profiles of T cells maintained in IL-2 or IL-15 for 24 hours. Differences in the protein content of antigen-pulsed T cells cultured with IL-2 compared with IL-15 were slower to emerge, but T cells exposed to IL-15 for 48 to 72 hours had reduced FSC and SSC and lower protein content than T cells maintained for an equivalent time in IL-2 ( Figure 3D ). Changes to the morphology and size of antigen-activated T cells cultured in IL-15 were not permanent. They were reversible, as evidenced by the fact that IL-15-maintained T cells switched to a culture containing IL-2 rapidly increased in cell size ( Figure 3E ).
IL-2 and IL-15 differentially regulate protein synthesis
The ability of IL-2, but not IL-15, to maintain the protein content of antigen-activated T cells could be explained if these 2 cytokines could differentially regulate endogenous amino acid uptake and the de novo synthesis of protein. Initially, the ability of cytokinetreated T cells to incorporate a tritium-labeled amino acid mixture was used to quantify rates of amino acid uptake. The data in Figure  4A show that an antigen-activated T cell could not autonomously maintain amino acid uptake when cultured in medium alone. IL-2 and IL-15 were able to induce dose-dependent increases in amino acid uptake in antigen-activated T cells, but, strikingly, amino acid uptake in IL-2-activated cells was approximately double that of cells stimulated with IL-15 ( Figure 4A ). The differences between IL-2 and IL-15 in amino acid uptake translated to differences in protein synthesis. Hence, when the ability of these 2 cytokines to induce the incorporation of tritiated [ 3 H] amino acids into cellular proteins was compared, the IL-2 response markedly exceeded the IL-15 response ( Figure 4B ). Differences between IL-2 and IL-15 in their ability to regulate cell size were not attributed to differences in 
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abilities to initiate DNA synthesis and cell-cycle progression. Hence, IL-2 and IL-15 were equivalent mitogens ( Figure 1A) , and the frequency of cells in the proliferative (S and G 2 ) phases of the cell cycle was comparable in IL-2-and IL-15-cultured, antigenprimed T cells (23% and 11% vs 23% and 14%, respectively) ( Figure 4C ).
IL-2 and IL-15 differentially regulate expression of transferrin receptor CD71 and amino acid transporter subunit CD98
Amino acid uptake in hematopoietic cells is regulated by amino acid transporter complexes that include CD98 (42F) as a key component. [40] [41] [42] [43] Therefore, we assessed whether differences in the ability of IL-2 and IL-15 to regulate amino acid uptake were explained by differences in their ability to regulate CD98 expression. In addition, the uptake of amino acids is an energy-dependent process, and optimal growth responses in cytokine-stimulated lymphocytes are associated with the up-regulation of transferrin receptors that deliver iron, a necessary cofactor for a number of crucial metabolic reactions, to the cell interior. Accordingly, we compared the effect of IL-2 and IL-15 on the expression of CD71, the transferrin receptor. The data in Figure 5A show that antigenactivated CD8 ϩ T cells maintained in IL-2 had high levels of surface CD98 compared with cells cultured with no cytokine (medium control). Similarly, antigen-activated T cells maintained in IL-2 expressed high levels of transferrin receptor (CD71), but these levels declined rapidly when cells were cultured in medium alone ( Figure 5B ). The data show that levels of CD98 and transferrin receptors in T cells maintained in IL-15 were reduced compared with T cells cultured with IL-2 ( Figure 5A-B) . The level of transferrin receptor expression in T cells cultured with IL-15 for 24 or 48 hours was also lower than in T cells cultured in the presence of IL-2. T cells cultured in IL-15 did not globally down-regulate all surface receptors: levels of L-selectin (CD62L) and common ␥ chain cytokine receptor subunit increased over 24 to 48 hours in the presence of IL-15 or medium alone compared with CD8 ϩ T cells grown in the presence of IL-2 ( Figure 5C ).
Role of PI3K in IL-2 regulation of protein synthesis and T-cell growth
CD98 expression in the IL-3-responsive hematopoietic pro-B-cell line FL5.12 is controlled by the serine kinase AKT or protein kinase B (PKB), which is activated by phosphatidylinositol(3,4,5) triphosphate (PtdIns(3,4,5)P 3 ), the lipid product of phosphoinositide 3-kinases (PI3Ks). 40 Moreover, an evolutionarily conserved pathway for the regulation of cell metabolism and growth by PI3K is mediated by the serine/threonine kinase phospholipid-dependent kinase 1 (PDK1), which regulates the activity of PKB/Akt and the 70-kDa ribosomal S6 kinase 1 (S6K1). [44] [45] [46] The importance of PDK1 for the regulation of T-cell size has been explored in transgenic mouse models. Accordingly, T-cell-specific deletion of PDK1 has an immediate impact on thymocyte growth and results in reduced cell size in proliferating pre-T cells. 46 Conversely, expression of a constitutively active membrane-targeted PKB in T cells of transgenic mice causes an increase in T-cell size. 47 We considered the possibility that differences between IL-2 and IL-15 in their ability to regulate CD98 expression, amino acid uptake, and protein synthesis reflected differences between them in their ability to induce PI3K/PDK1/PKB signaling. To test this hypothesis, we first assessed whether CD98 expression on T cells is regulated by PI3K. Figure 6A shows CD98 levels are markedly reduced when IL-2-cultured antigen-activated CD8 ϩ T cells are treated with a pharmacologic inhibitor of PI3K LY294002 (LY). CD71 expression is also reduced in IL-2-activated T cells cultured with LY294002 ( Figure 6B ). The impact of LY294002 on the ability of IL-2 to sustain T-cell growth and cell size was also examined. The data in Figure 6C show the FSC profile of antigen-activated T cells maintained in IL-2 in the presence or absence of LY294002. IL-2-activated T cells treated with LY294002 are smaller than cells exposed to IL-2 alone. The data ( Figure  6D -E) also show that LY294002 inhibited IL-2-induced amino acid uptake and incorporation into cellular protein. The protein content of IL-2-activated cells was reduced approximately 2-to 3-fold by LY294002 treatment, though it was not reduced to the lower level of protein present in T cells cultured with no cytokine ( Figure 6F ). In subsequent experiments, the impact of LY294002 on IL-15-induced protein synthesis was examined. The data show that LY294002 inhibited IL-15-induced cellular amino acid uptake ( Figure 6G) ; cell size was correspondingly reduced (data not shown). IL-2 and IL-15 were potent survival factors for antigenprimed CD8 ϩ T cells, and in many cells PI3K signals were crucial regulators of survival responses. IL-2-and IL-15-cultured T cells did not die in the presence of LY294002 but persisted as small, rounded cells ( Figure 6C ). LY294002 thus blocked T-cell growth but not survival. Moreover, the effects of LY294002 were reversible: T cells cultured with IL-2 plus LY294002 for 2 days could regain cell size and proliferate if they were washed free of drug and were recultured with IL-2 (data not shown).
Differential kinetics of IL-2-and IL-15-induced PDK1 signaling
The results in Figure 6 show that T-cell size and PI3K-sensitive pathways in T cells regulate amino acid transporters and uptake. Hence, differences between IL-2 and IL-15 in their ability to regulate cell growth could reflect that IL-2 and IL-15 differ in their ability to induce or sustain PI3K signaling. The downstream effector of PI3K in terms of cell growth regulation is the PDK1/PKB pathway, and a sensitive and quantitative method to monitor this pathway is to analyze phosphorylation of the ribosomal S6 subunit by flow cytometric analysis of intracellular staining with specific phospho-S6 antisera. 46 S6 phosphorylation is mediated by S6K1, which requires phosphorylation by PDK1 if it is to be functional. S6 phosphorylation is also regulated by another PDK1 substrate, PKB, through TSC-1/2-mediated regulation of S6K1 function. 48 Flow cytometric analysis of phospho-S6 thus examines phosphorylation in the single cells of a downstream target of PI3K/PDK1/PKB/S6K1 pathways if considerable signal amplification has occurred.
The results in Figure 7A show that ex vivo naive CD8 ϩ T cells dramatically increase phospho-S6 levels after stimulation with LCMV gp33-41 peptide for 2 days. These high levels of phospho-S6 are lost if cells are removed from antigen and are cultured in medium alone ( Figure 7B , top). Phospho-S6 levels are maintained when antigen-activated T cells are cultured with IL-2 ( Figure 7B , middle), and this IL-2 response is dependent on the activation of PI3K because the coculture of T cells with IL-2 and the PI3K inhibitor LY294002 abrogates phospho-S6 staining ( Figure 7C ). Comparison of IL-2 and IL-15 regulation of the phospho-S6 pathway showed an equal ability to sustain S6 phosphorylation at an early 6-hour time point ( Figure 7B, left) . However, during prolonged exposure to cytokine, only IL-2 maintained high levels of phospho-S6, whereas the IL-15 response was more transient ( Figure 7B ). Thus, T cells maintained in IL-15 for 12 to 24 hours have markedly lower levels of phospho-S6 than cells maintained in IL-2. It should be emphasized that phospho-S6 levels in T cells cultured in IL-15 are higher than those seen in cells cultured in medium alone but are considerably lower than cells cultured in IL-2 ( Figure 7B) . We considered the possibility that the difference between IL-2 and IL-15 in terms of their ability to regulate the phosphorylation of S6 protein reflected that CD8 ϩ T cells maintained in IL-15 had lower levels of the substrate S6 protein than cells grown in IL-2. To explore this possibility, we examined the ability of T cells maintained in IL-2 or IL-15 to induce S6 phosphorylation in response to pharmacologic stimulation with the phorbol ester PdBu. The data in Figure 7D show that the levels of phospho-S6 in PdBu-treated cells maintained in IL-2 or IL-15 are comparable. Hence, T cells maintained in IL-15 or IL-2 have similar levels of S6 phosphorylation when activated pharmacologically and, thus, similar levels of total S6 protein.
Regulation of IL-2 and IL-15 receptors
Differences in the kinetics of IL-2 and IL-15 induction of phospho-S6 reveal that IL-15 initiates more transient signaling pathways than IL-2 in CD8 ϩ T cells. A predominant mechanism used by T cells to terminate cytokine signaling is to regulate surface expression of cytokine receptors. 5, 49, 50 The high-affinity binding of IL-2 is mediated by a complex consisting of the common cytokine receptor ␥ chain (␥c), CD122 (the IL-2R␤ chain), and CD25 (the unique IL-2R␣ chain). IL-15 interacts with cells by binding to the unique IL-15R␣ subunit, which presents IL-15 in trans to ␥c and ␤ (CD122) subunits present on nearby cells. 3, 4 IL-2 binding to its receptor triggers receptor internalization and ligand degradation but simultaneously up-regulates the expression of CD25, 51 thereby preventing receptor down-regulation and allowing activated T cells to sustain proliferative and growth responses to IL-2. In contrast, exposure to IL-15 is reported to down-regulate the expression of high-affinity IL-15 receptors with a resultant loss of IL-15 responsiveness. 52 To examine the possibility that IL-15 down-regulated expression of the IL-15R␣ subunit in antigen-primed CD8 ϩ mouse T cells, flow cytometry was used to quantify IL-15R and IL-2R subunits on the surfaces of antigen-activated T cells maintained in medium alone or in the presence of 20 ng/mL IL-2 or IL-15. Surface levels of CD25, the unique IL-2R␣ chain, were markedly up-regulated when antigen-activated CD8 ϩ T cells were grown in IL-2 rather than media alone ( Figure 8A ). IL-15 was not as potent as IL-2 at maintaining IL-2R levels, but it still stimulated CD25 expression when compared with media alone. Activated CD8 ϩ T cells also expressed IL-15R␣, but surface levels of this receptor were not maintained in the presence of IL-15 ( Figure 8B ). IL-15R␣ chain expression was relatively high in antigen-activated T cells cultured in media alone or in IL-2 but was relatively low in cells stimulated with IL-15. Hence, IL-2 and IL-15 differed in the way they regulated the expression of their receptors: IL-2 triggered a positive feedback mechanism that up-regulated expression of the IL-2R␣ subunit, the key receptor subunit for high-affinity IL-2R expression. Conversely, levels of IL-15R␣ chain declined in CD8 ϩ T cells cultured with IL-15.
Discussion
IL-2 and IL-15 are potent mitogens for antigen-stimulated CD8 ϩ T cells but differentially control T-cell differentiation. These 2 cytokines also have a differential impact when used therapeutically to modify immune responses. The present study provides some new insights into why IL-2 and IL15 differentially regulate T-cell function by revealing that these cytokines are strikingly distinct in their ability to control protein synthesis and T-cell size. IL-2 and IL-15 are thus equivalent mitogens for antigen-stimulated CD8 ϩ T cells, but they are not equivalent growth factors. Antigen-activated CD8 ϩ T cells are large blastoid cells, but they cannot autonomously maintain their size and are unable to maintain amino acid incorporation or de novo protein synthesis without exogenous cytokine stimulation. IL-2 and IL-15 are able to induce protein synthesis in antigen-activated T cells, but protein synthesis rates in IL-2-activated cells are approximately 2-fold those in IL-15-stimulated cells. The differential action of IL-2 and IL-15 on amino acid uptake and protein synthesis is associated with differences in the ability of these 2 cytokines to maintain surface levels of the amino acid transporter subunit CD98. IL-2 can induce high levels of CD98 expression and amino acid uptake in contrast to the relatively weak effects of IL-15. The difference in the ability of IL-2 and IL-15 to induce protein synthesis is approximately 2-fold. This may not seem like a huge difference, but IL-2 and IL-15 are potent and equivalent mitogens, and a 2-fold difference in protein synthesis in rapidly dividing cells quickly translates to a significant difference in the size of daughter cells and their subsequent progeny.
IL-15 can sustain mitosis and T-cell clonal expansion without maintaining T cells the size of IL-2. Hence, the level of cell growth induced by IL-2 exceeds that required for mitosis and may be more relevant to its ability to sustain the synthesis and production of effector molecules in cytotoxic T cells. The differential effect of IL-2 and IL-15 on general protein synthesis may resolve the puzzle of how IL-2 and IL-15 differentially direct CD8 ϩ T-cell fate, 30, 31 even though they initially activate common signal transduction pathways and induce similar patterns of gene transcription. 24, 25 The differentiation of effector CTL takes several days. To sustain the production of cytokines or cytotoxic mediators, effector lymphocytes will have to maintain high rates of cell metabolism for a prolonged period. A sustained 2-fold difference in protein synthesis over a period of many hours or days would considerably diminish the ability of activated T cells to produce and secrete effector cytokines and chemokines with profound consequences for T-cell differentiation. The power of IL-2 in terms of its ability to induce protein synthesis could thus explain why it is required for T-cell expansion to be sustained in vivo even though it is not essential to initiate T-cell cycle progression. 10, 28 Moreover, it gives some insight into why this cytokine may have a unique role in vivo as a regulator of peripheral immune homeostasis. 8 In particular, the potency of IL-2 in terms of its ability to drive protein synthesis could explain why antigen-stimulated T cells fail to secrete effector cytokines in the absence of IL-2 even though they appear to undergo normal cell division. 12 The present data show that the ability of T cells to maintain protein synthesis is driven by constant signal input because the removal of cytokine immediately abrogates amino acid uptake and amino acid incorporation into proteins. The differential actions of IL-2 and IL-15 on amino acid uptake and T-cell growth correlates with the differential kinetics of the PI3K/PDK1 signaling pathway stimulated by these cytokines. Hence, in antigen-activated T cells, IL-2 and IL-15 stimulate PI3K/PDK1-mediated signal transduction pathways that culminate in the phosphorylation of the ribosomal S6 subunit. Initially, the IL-2 and IL-15 responses are equivalent in magnitude, but there is a significant difference in the prolonged response to these 2 cytokines. IL-2 has the capacity to sustain PI3K signaling at high levels, whereas IL-15 only transiently induces high levels of PI3K signaling and, during a sustained response, gives a low level of S6 phosphorylation. The major difference between IL-2 and IL-15 signaling to PKB and S6K1 is thus temporal and quantitative.
Why is IL-15 activation of the S6 pathway transient while the IL-2 response is sustained? We would exclude that IL-15 upregulates a negative feedback pathway that globally antagonizes PI3K signals because T cells maintained in IL-15 can immediately up-regulate S6 phosphorylation and increase cell size if re-exposed to IL-2. It is possible that the different kinetics of IL-2 and IL-15 signaling result from differences in the way these cytokines are presented to T cells. IL-2 binds as a soluble ligand, whereas IL-15 is thought to be presented in trans by the IL-15R␣ subunit to ␤/␥ subunits on neighboring cells. 3, 4 The signal strength delivered by IL-15 presented in trans may be lower than that delivered by de novo binding of IL-2 to its trimeric receptor complex. However, an explanation for the relative transience of the IL-15/S6 response compared with the IL-2 sustained response also resides in differences in the way these 2 cytokines can modulate the expression of their own receptors. IL-2 signaling is sustained because IL-2 up-regulates the expression of its ␣ subunit, which replenishes surface levels of high-affinity IL-2 receptors that are then available for occupancy by additional IL-2 molecules. Hence, during the sustained response to IL-2, new IL-2/IL-2R complexes are constantly formed. 5, 49, 51 In contrast, IL-15R levels have been shown to decline during continued exposure to IL-15, thus reducing the number of available IL-15Rs during sustained exposure to cytokine. 52 In this respect, IL-15R regulation is reminiscent of IL-7 signaling whereby IL-7 exposure results in the down-regulation of IL-7R expression as a mechanism to prevent T cells from competing for limited quantities of cytokine once the appropriate cell response has been stimulated. 50 IL-2 and IL-15 induce different biologic functions in T cells in which IL-2 promotes the differentiation of effector cytotoxic T lymphocyte (CTL), whereas IL-15 promotes memory T-cell development. 1, 53 In addition, IL-15 is increasingly considered to be superior to IL-2 for immunotherapy regarding dose toxicity. Are the different biologic actions of IL-2 and IL-15 explained by temporally quantitative differences in signal transduction by these cytokines? Data that support this theory include the fact that low doses of IL-2 mimic IL-15 and induce the differentiation of memory T cells rather than effector CTLs. 29 It is also known that low doses of IL-2 are more valuable immunotherapeutically than high doses. 54 The relevance of these data to the present study is that low doses of IL-2 result in transient signaling because activated T cells consume (ie, internalize and degrade) IL-2 and at low doses rapidly deplete the cytokine from culture medium, making it available only transiently to the T-cell population.
In summary, the present study demonstrates that cytokines that are equivalent mitogens can have different potency for regulating T-cell growth or protein synthesis. IL-2 and IL-15 perform very different actions as inducers of protein synthesis and T-cell growth, though they are equivalent in their ability to drive T-cell cycle progression. The differences between IL-2 and IL-15 are explained by temporal differences in signaling that translate into differences in protein synthesis. In particular, the ability of IL-2 to sustain high levels of PI3K/PDK1 signal transduction allows this cytokine to sustain T-cell protein synthesis at high levels for a prolonged period. The differential effects of IL-2 and IL-15 on T-cell protein synthesis can promote rational decisions in choosing IL-2 rather than IL-15 for immunotherapy. IL-2 is useful for short-term expansion of potent effector T cells but is less valuable for immune replenishment because it promotes more protein synthesis than needed for T-cell mitosis. This is beneficial in the short term but it demands great energy, which may explain why T cells cultured in IL-2 are susceptible to apoptosis. IL-15 appears to more closely match levels of protein synthesis to mitosis and would be the cytokine of choice for efficient proliferative expansion of T cells.
